The 5-HT 3 receptor is a member of the Cys-loop family of ligand-gated ion channels, proteins that have been implicated in the pathology of several neurological disorders. In this study, we examine two mutations (R 344 H and P 391 R) that have been previously identified in individuals diagnosed with schizophrenia. These mutations are located in the M3-M4 loop of the 5-HT 3 receptor and their occurrence presents the possibility that they contribute toward the etiology of this disorder. Radioligand binding with the 5-HT receptor antagonist, [
Introduction
The theory of 5-HT involvement in schizophrenia was presented in 1954, and proposed that there was a serotonergic deficiency in schizophrenic individuals (Gaddum and Hameed, 1954; Wooley and Shaw, 1954) . Serotonin receptors have been implicated in many of the symptoms of schizophrenia, and are prime candidates because of their functional diversity and their ability to modulate the release of other neurotransmitters such as dopamine (Alex et al., 2005; Meltzer, 1989) . To date, the focus of 5-HT and its impact on schizophrenia has largely been on the 5-HT 2 receptors, for which there is a large amount ORIGINAL ARTICLE of evidence. However, drugs such as clozapine and ondansetron, which are known to have positive effects on schizophrenic symptoms, are potent 5-HT 3 receptor antagonists (Levkovitz et al., 2005; Meltzer et al., 2003; Meltzer and Fatemi, 1996) , and so it is possible that these receptors play a role in the disorder.
The 5-HT 3 receptor is unique among the serotonin receptor family, as it contains an integral, agonistgated ion channel, unlike all other known serotonin receptors, whose actions are mediated via G proteins (Maricq et al., 1991) . It is a member of the Cys-loop of ligand-gated ion channels, which also includes nicotinic acetylcholine (nACh), glycine, 
Methods

Cell Culture
Human embryonic kidney (HEK) 293 cells were grown on 90-mm tissue culture plates at 37°C and 7% CO 2 in a humidified atmosphere. They were cultured in Dulbecco's modified Eagle's medium (DMEM)/nutrient mix F12 (1:1) with GLUTAMAX I™ containing 10% fetal calf serum, and passaged when confluent. Cells were transfected using calcium phosphate precipitation (Chen and Okayama, 1987) at 70-80% confluency. Following transfection, cells were incubated for 3-4 d before being harvested for radioligand binding. Cells stably expressing wildtype, R 344 H and P 391 R receptors were constructed as previously described (Hargreaves et al., 1994) and plated onto 18-mm 2 glass coverslips for electrophysiological experiments.
Site-Directed Mutagenesis
Mutagenesis reactions were performed using the method described by Kunkel (1985) using the 5-HT 3A(b) subunit DNA (Accession: AY605711) as described previously (Hargreaves et al., 1996) . Oligonucleotide primers were designed according to the recommendations of Sambrook et al. (1989) , and some suggestions of the Primer Generator (Turchin and Lawler 1999) (http://www.med.jhu.edu/ medcenter/primer/primer.cgi). A silent restriction site was incorporated into each primer to assist rapid identification of mutants.
Radioligand Binding
This was undertaken as previously described (Lummis et al., 1993) with minor modifications. Briefly, HEK293 cells that had been transfected with wild-type or mutant DNA were washed twice with phosphate-buffered saline (PBS) at room temperature. They were then scraped into 1 mL of ice-cold HEPES buffer (10 mM, pH 7.4) containing the following proteinase inhibitors (PIs): 1 mM EDTA, 50 µg/mLsoybean trypsin inhibitor, 5 µg/mL bacitracin, and 0.1 μM phenylmethylsulfonyl fluoride (PMSF). Harvested cells were washed in HEPES/PI and frozen at −20°C. After thawing, they were washed twice with HEPES buffer, resuspended, and 50 µg of cell membranes were incubated in 0.5 mL HEPES buffer containing 0.02-2 nM and GABA A receptors. These proteins share a similar structure that consists of five subunits surrounding a central ion-conducting pore. Each subunit has a large extracellular domain, which contains the ligand-binding site, four transmembrane α-helices (M1-M4), and an intracellular loop that lies between M3 and M4 (Fig. 1) . Native receptors are usually heteromeric and, to date, two 5-HT 3 receptor subunits have been characterized, namely 5-HT 3A and 5-HT 3B (Davies et al., 1999; Dubin et al., 2000) . However, the 5-HT 3 receptor is unusual in that it can form functional homomeric assemblies of A subunits alone. Indeed, there is evidence that the B subunit is not even expressed in the brain, although there is much evidence for its presence in the peripheral nervous system (Morales and Wang, 2002) .
Mutations in Cys-loop receptors have been linked with a variety of neurological disorders. 5-HT 3 receptor antagonists were initially thought to have potential therapeutic use in disorders such as anxiety, depression, substance abuse, cognitive disorders, and schizophrenia, but clinical evidence has not to date been encouraging (Greenshaw and Silverstone, 1997) . Nevertheless, a recent study identified two sequence variations in the 5-HT A receptor subunit (R 344 H and P 391 R) in a small group of patients with bipolar disorder and schizophrenia (Niesler et al., 2001 ). The two mutations are located in the M3-M4 loop. This loop contains a number of potential phosphorylation sites and also has an important function in channel conductance and ion selectivity (Kelley et al., 2003; Unwin, 2000) . Although each of the two mutations was only found in one patient out of the 428 schizophrenic individuals in the study population, given the large number of patients with this disorder (approx 1% of the world's population) and the wide range of causal agents that influence the development and course of schizophrenia, these 5-HT 3 receptor mutations may play a role in this disease. In this study, we have examined the binding and functional properties of R 344 H and P 391 R mutants by expressing them in HEK293 cells to determine if there are any unusual characteristics of the mutant receptors that could contribute to the schizophrenic phenotype.
Materials
All cell culture reagents were obtained from Gibco BRL (Paisley, UK) except fetal calf serum, which was from Labtech International (Ringmer, UK).
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Fig. 1. Schematic representation of the 5-HT 3 receptor showing the location of the R 344 H and P 391 R mutations. The M3-M4 region that has been linked to ion conductivity is highlighted (R-R-R) in the M3-M4 loop (Kelley et al., 2003) . Regions associated with ion selectivity (Thompson and Lummis, 2003) are highlighted by thick black lines at either end of the central pore-lining M2 region (white cylinder). None of these important functional areas lies close to the mutations in this study. The amino-acid sequence-alignment of the human and mouse intracellular M3-M4 loop is shown below. R 344 and P 391 are in bold and underlined.
[ 3 H]granisetron. Nonspecific binding was determined using 1 µM d-tubocurarine. Reactions were incubated for 1 h at 4°C and were terminated by rapid vacuum filtration using a Brandel cell harvester onto GF/B filters presoaked for 3 h in 0.3% polyethyleneimine followed by two rapid washes with 4 mL ice-cold HEPES buffer. Radioactivity was determined by scintillation counting (Beckman LS60000SC). Protein concentration was estimated using the Bio-Rad Protein Assay with BSAstandards. Data were analyzed by iterative curve fitting (GraphPad, PRISM, San Diego, CA) according to the equation: Currents were filtered at a frequency of 5 kHz (−3 dB), using the 4-pole low-Bass Bessel filter provided on the amplifier, and acquired at a sampling frequency of 1 kHz. The cell membrane potential was routinely held at −60 mV. Patch electrodes were pulled with a Sutter P87 (Novato, CA) using a three-stage vertical pull and type GC120TF-10 borosilicate glass (Harvard Apparatus, Edenbridge, Kent, UK). Pipet resistances ranged from 2.0 to 3.5 MΩ and voltage errors never exceeded 5 mV.
Rapid application of solutions was achieved using a ValveBank 8II (Automate Scientific Inc., San Francisco, CA). Cells were perfused using a gravityfed bath with a constant laminar flow of saline at a rate of 4-5 mL per min. Using the time taken for the liquid junction potential to restabilize after changing saline concentration as an indicator of solution exchange, it was established that cells were completely submersed in test solution within less than 150 ms. The time taken for the baseline current to achieve a new stable baseline value was used as an estimate of the time for solution exchange. After entering the whole-cell configuration, the membrane current was allowed to stabilize for at least 2 min before recordings were made.
For dose-response experiments, patch pipets were filled with filtered (0.2 µm, Millipore) intracellular saline containing (in mM) 140 CsCl, 1.0 MgCl 2 , 1.0 CaCl 2 , 10.0 EGTA, and 10 HEPES; pH 7.2 with CsOH. Cells were continuously perfused with an extracellular solution containing 140 NaCl, 5.4 KCl, 1.0 MgCl 2 , and 10 HEPES; pH 7.2 with NaOH. Test solutions were dissolved in extracellular saline. Both test solutions and salines were prepared fresh each day.
Currents were analyzed using the software tools provided as part of the Strathclyde Electrophysiology Software. Current activation and desensitization were fitted (5-95% of total current) to a standard single-exponential function. Statistical analysis and curve fitting was performed using Prism V3.02 (GraphPad Software, San Diego, CA; www.graphpad.com). Data are reported as means ± S.E.M. Statistical analyses were performed using Student's t-test, with p values < 0.05 considered statistically significant.
Immunofluorescence Localization
This was as described previously (Spier et al., 1999) . Briefly, transfected cells were washed with three changes of Tris-buffered saline (TBS: 0.1 M Tris, pH 7.4, 0.9% NaCl) and fixed using ice-cold 4% paraformaldehyde in phosphate buffer (PB: 66 mM Na 2 HPO 4 , 39 mM NaH 2 PO 4 , pH 7.2). After two TBS washes, the cells were incubated overnight at 4°C in pAb120; at 1:1600 in TBS. Biotinylated anti-rabbit IgG (Vector Laboratories, CA) and fluorescein isothiocyanate (FITC) avidin D (Vector Laboratories, CA) were used to detect bound antibody as per the manufacturer 's instructions. Coverslips were mounted in Vectashield mounting medium (Vector Laboratories, CA) and immunofluorescence observed using a confocal microscope.
Results
Radioligand Binding
Radioligand binding demonstrated that the affinity of the 5-HT 3 antagonist, [
3 H]granisetron, was not significantly different than wild-type for either R 344 H or P 391 R mutant receptors (Table 1) . B max (maximum number of binding sites) values were also not significantly different.
Electrophysiological Analysis
Application of 5-HT to HEK 293 cells expressing wild-type or mutant receptors produced rapidly activating inward currents that desensitized over the time-course of the application. Representative examples of whole-cell currents recorded from wild-type and mutant receptors are shown in Fig. 2A-C . Application of varying concentrations of 5-HT showed the response was dose-dependent (Fig. 2D) . Wild-type receptors displayed an EC 50 of 1.68 µM ± 0.01 (n = 38). EC 50 values for R 344 H (1.70 µM ± 0.02, n = 18) were not significantly different than wild-type, but EC 50 values for P 391 R receptors showed a small but significant increase (EC 50 = 2.73 µM ± 0.01; p < 0.001, n = 8). Hill co-efficients for R 344 H (2.15 ± 0.18) and P 391 R (2.44 ± 0.09) were indistinguishable from wild-type (1.85 ± 0.17).
Activation and desensitization data are shown in Fig. 3 . For both wild-type and mutant receptors, the time constants for activation and desensitization decreased as the concentration of 5-HT was raised. Mutant receptors displayed time constants that were not significantly different than wild-type receptors at all 5-HT concentrations.
Immunofluorescent Localization
Untransfected cells displayed very low levels of immunofluorescence, confirming that crossreactivity with native cell proteins was almost absent (Fig. 4) . Immunofluorescence of nonpermeabilized cells expressing wild-type and mutant receptors confirmed that the receptors were expressed on the cell surface.
Discussion
The presence of two mutations (R 344 H and P 391 R) in the 5-HT 3 receptor sequence variants in patients suffering from schizophrenia introduces the possibility that mutations in this receptor contribute to their neurological disease, and could be significant in its heritable nature. In this study, we show that one of the two mutations (P 391 R) causes a small but significant increase in EC 50 , while the second mutation (R 344 H) appears to have no significant effects on the function of the receptor. Although the scope of our experiments was limited to measurements of whole-cell currents, these data suggest that the R 344 H mutation does not play a role in schizophrenia, but the P 391 R mutation may contribute to the pathology of the disease. The mutations are discussed individually in more detail below.
A substitution of arginine for histidine (R 344 H) is a conservative change, as the properties of the two amino acids are broadly similar. Consequently, it is not surprising that both the binding and functional characteristics of the R 344 H mutant were similar to wild-type receptors. However, it is possible that this mutation does modify receptor function in a way that was not identified in this study. The mutation is located in the intracellular M3-M4 loop of the receptor, which is known to be involved in receptor synthesis, transport, clustering, and anchoring (reviewed in Karlin, 2002) . The studies we performed have shown that the R 344 H mutant receptor is translated, expressed, and reaches the cell surface. However, this mutation could potentially disrupt receptor clustering and/or localization in its native environment, as has been suggested for the link between epilepsy and GABA A dysfunction (Macdonald et al., 2004) . For example, recent work suggests that intracellular domains of 5-HT 3 receptors can associate with the microtubuleassociated protein 1B and may be clustered by this protein in neurons in a similar way to rapsyn clustering of nACh receptors (Sun et al., 2004) . A structural change introduced by a mutation such as R 344 H might interfere with this clustering process. There is also the possibility that this mutation might interfere with receptor phosphorylation. The M3-M4 loop contains several putative phosphorylation sites. Although to date, only one site has been shown to be phosphorylated (Lankiewicz et al., 2000) , there is evidence that phosphorylation can alter both the macroscopic current (Coultrap and Machu, 2002; Hubbard et al., 2000; Sun et al., 2003; Zhang and Weight, 1995) and single-channel conductance (Van Hooft and Vijverberg, 1995) . Therefore, in a different environment, for example where there are high levels of the appropriate kinases and/or phosphatases, the presence of an R 344 H mutation might affect receptor activity. Substituting a proline for an arginine residue, as in the P 391 R mutation, has the potential to cause a large change in the protein. Proline is a small, rigid, neutral amino acid that lacks the ability to act as an H-bond donor, while arginine is a large, flexible, positively charged amino acid that can form both H-bonds and salt bridges in and between proteins. Indeed, in the extracellular domain of the 5-HT 3 receptor, changing any one of the conserved for prolines to alanine eliminates functional expression of the protein (Deane and Lummis, 2001) . Therefore, it is not surprising that the P 391 R mutation has an effect on 5-HT 3 receptor function. This change is not due to a global effect on the protein structure, as immunofluorescence data showed that the receptor was correctly inserted into the membrane and radioligand binding data showed a similar [ 3 H]granisetron binding affinity to wild-type receptors, indicating the structure of the ligand-binding domain was unaffected. This lack of change in binding affinity also suggests that a change in EC 50 , a parameter that encompasses both binding and gating effects, is primarily due to a change in receptor gating. Consequently, our data suggest that changing the P 391 R mutation has a deleterious effect on gating. Unfortunately, there is currently no structural information about this region of the protein, so we cannot predict the effect of such a change, but proline is conserved here in all 5-HT 3A receptor subunits, suggesting some role in structure and/or function.
A similar study (published during the course of this work) did not record a change in EC 50 in P 391 R mutant receptors (Kurzwelly et al., 2004 ). This appears to conflict with our data, but may be due to their use of outside-out patches, which yield smaller currents and more variability than the whole-cell recording that we performed. As the change we observed was small, it may have been obscured in the studies performed by Kurzwelly et al. (2004) .
Changes in EC 50 caused by point mutations are thought to contribute to disease characteristics in a range of ligand-gated ion channels, including glycine, GABA A , and nACh receptors. Some of these changes are very large. For example, the R271Q mutation in the glycine receptor, which is responsible for the inheritable disorder hyperekplexia, results in a 667-fold change in EC 50 (Lynch et al., 1997) . However, other changes in EC 50 are smaller. In the glycine receptor, a proline to threonine mutation within the intracellular M1-M2 loop has been shown to cause a 2.25-fold shift in the EC 50 and has been positively correlated with hyperplexia (Saul et al., 1999) . Consequently, our observed change in the P 391 R mutant EC 50 could also have an important physiological consequence. For example, it is believed that the primary role of 5-HT 3 receptors in the CNS may be the modulation of other neurotransmitter-derived responses, such as the 5-HT-induced increase in GABAergic inhibitory postsynaptic potentials (IPSPs) in hippocampal slices (McMahon et al., 1997; Morales et al., 1996; Ropert and Guy, 1991) . We hypothesize that altering modulation of this or any other IPSPs would have significant neuronal effects that might contribute to the pathology of schizophrenia. It is also of importance that the steep Hill coefficient of 5-HT 3 receptor responses means that a small change in the 5-HT concentration would have a large effect on the macroscopic current, which could be magnified through its modulatory effect on a secondary response.
In conclusion, examination of the properties of two 5-HT 3 receptor mutations found in schizophrenic patients showed that R 344 H had no significant effect on the function of the mutant receptor. In contrast, the presence of the P 391 R mutation increased the EC 50 , but did not alter other properties of the response. Combined with the rare occurrence of these mutations, our results imply that neither of these mutations are likely to present a major contribution to the pathology of schizophrenia. However, the results do suggest that, for a small group of individuals, the P 391 R mutation may have a role in the etiology of this disorder.
